We have realized an innovative integrated detector for electron spin resonance spectroscopy. The microsystem, consisting of an LC oscillator, a mixer, and a frequency division module, is integrated onto a single silicon chip using a conventional complementary metal-oxide-semiconductor technology. The implemented detection method is based on the measurement of the variation of the frequency of the integrated LC oscillator as a function of the applied static magnetic field, caused by the presence of a resonating sample placed over the inductor of the LC-tank circuit. The achieved room temperature spin sensitivity is about 10 10 spins/ GHz 1/2 with a sensitive volume of about ͑100 m͒ 3 .
I. INTRODUCTION
Electron spin resonance ͑ESR͒ is a powerful spectroscopic tool used in physics, chemistry, biology, medicine, and materials science. [1] [2] [3] [4] Conventional ESR spectrometers essentially consist of a microwave source, a transmission/ reception bridge, a resonator, and a detection arm, interconnected by coaxial cables or waveguides. The resonators are optimized for samples having a volume between 1 mm 3 and 1 cm 3 . The achieved spin sensitivity is typically of the order 10 10 spins/ GHz 1/2 at 300 K ͑1 G=10 −4 T͒. Dielectric or ferroelectric inserts in standard cavities, 5, 6 millimeter sized high dielectric constant ring resonators, 7 cavities with narrow slits for local measurements outside the cavity, 8 and small solenoidal and planar coils, 9-14 allow one to perform optimized experiments on samples having volumes down to ͑100 m͒ 3 , with spin sensitivities down to 10 9 spins/ GHz 1/2 . Noninductive detection methods, [15] [16] [17] [18] [19] [20] [21] such as the mechanical and optical techniques, have already achieved or can potentially achieve single-spin sensitivity. However, they still suffer from a limited versatility and, in most of the situations, they do not represent a valid alternative to the inductive approach. In this paper we present an innovative ESR spectrometer based on the integration on a single silicon chip of the most important, sensitivity wise, excitation, and detection components ͑oscillator, excitation/detection microcoil, mixer, and frequency division module͒. The implemented inductive but unconventional detection method is inspired to some nuclear magnetic resonance and ESR spectrometers realized from the 1950s to 1980s. [22] [23] [24] [25] [26] [27] [28] In these spectrometers the coil ͑or the cavity͒ containing the sample determines the oscillation frequency of a positive feedback circuitry connected to them. The magnetic resonance is usually detected by measuring the variation of the amplitude of the oscillations as a function of the applied static magnetic field. Alternatively, the variation of the frequency of the oscillations can be measured, as demonstrated in the integrated microsystems described in this paper. The ESR phenomenon determines a change in the impedance of the integrated inductor L, which, in turns, determines a variation of the frequency of the integrated LC oscillator.
The aim of our work is the realization of single-chip high-sensitivity low-cost microsystems to perform optimized ESR experiments on sample having volumes of ͑100 m͒ 3 and smaller. Particularly interesting is the possibility to fabricate a dense array of detectors on a single chip for parallel spectroscopy and imaging.
II. PRINCIPLE OF OPERATION
From the steady-state solution of the Bloch equation, the susceptibility of an ESR sample having a single homogeneously broadened line placed in a static magnetic field B 0 ẑ and a microwave magnetic field 2B 1 cos tx can be written as
where = Ј − jЉ is the sample complex susceptibility, ⌬ = − 0 , 0 = ␥B 0 , T 1 is longitudinal relaxation time, T 2 is the transversal relaxation time, and 0 is the static susceptibility. For a spin 1 / 2 system with g = 2 we have 0 = ͑ 0 N␥ 2 ប 2 / 4kT͒, where N is the spin density ͑in m −3 ͒, and T is the sample temperature ͑in kelvins͒.
The impedance of a coil filled with a material having susceptibility is
͑2͒
where L = L + LЈ and R = R + LЉ. L and R are the inductance and the resistance of the coil without the sample, respectively. The filling factor is given by 
where V s is the sample volume, V is the entire space, V c is the sensitive volume of the coil, B u is the field produced by a unitary current in the coil ͑in T/A͒, and x is the position vector in the volumes V s and V. For Х 0 , the presence of the sample modifies both the reactive as well as the resistive part of the coil impedance.
The resonance frequency of an LC oscillator ͑with losses dominated by the series resistance of the coil͒ is
where LC ϵ͑1 / ͱ LC͒ and Q ϵ͑ LC L / R͒. In typical experimental conditions we have that ЈӶ 1, ЉӶ 1, and Q ӷ 1. In these conditions, it can be shown that the variation of the oscillator frequency due to the magnetic resonance of the sample is
͑5͒
The maximum variation of the oscillator frequency, which occurs for ␥ 2 B 1 2 T 1 T 2 Ӷ 1 and
In order to estimate the achievable signal-to-noise ratio and spin sensitivity, we have to compute the expected frequency noise. The root-mean-square value of the frequency fluctuations for a detection bandwidth ⌬f of an ideal LC oscillator ͑i.e., with phase noise dominated by the thermal noise of the coil series resistance R͒ can be written as
where V 0 is the oscillator voltage amplitude. Assuming that the frequency variation is given by Eq. ͑5͒, the signal-to-noise ratio is
The factor 2 is introduced to consider the peak-to-peak frequency variation whereas the factor 3 is introduced, quite arbitrarily, to take into consideration that when the signal peak-to-peak amplitude is equal to the root mean square of the noise, the signal cannot be readily distinguished from the noise. The oscillator voltage amplitude V 0 , for Q ӷ 1, can be written as
where I is the microwave current in the coil. If the oscillator voltage amplitude V 0 is increased in order to reduce the phase noise, B 1 is also increased. Consequently, Ј and ⌬ LC are reduced ͓see Eqs. ͑1͒ and ͑5͔͒, and the resonance line broadened. From Eqs. ͑7͒ and ͑8͒ we have that the signal-tonoise ratio is
The product ЈB 1 grows with B 1 reaching asymptotically the
and the spin sensitivity ͑in spins/ Hz 1/2 ͒ is
where
The spin sensitivity given in Eq. ͑11͒ is identical to that obtained for the conventional "induced voltage" method ͓see Eq. ͑6͒ in Ref. 13͔. The induced voltage is dependent on the precessing magnetization amplitude whereas the oscillator frequency variation depends on the complex susceptibility amplitude ͑and, consequently, they have a different dependence on B 1 ͒. However, the noise for the induced voltage method is independent of B 1 whereas for the oscillator frequency variation method is linearly proportional to B 1 ͑through the dependence on V 0 ͒. This explains qualitatively why the theoretically achievable spin sensitivities are identical.
If we consider a single-turn coil having a diameter d = 100 m and a resistance R =1 ⍀, operating at 0 =2 ϫ 9 GHz and T = 300 K, we have B u Х͑ 0 / d͒ = 0.013 T / A and N min Х 10 8 spins/ Hz 1/2 . Figure 1 shows a schematic view of the integrated microsystem, which consists of two LC-tank voltage-controlled oscillators ͑VCOs͒, a mixer, a filter amplifier, and two frequency dividers. Details of the integrated subcircuits are shown in Fig. 2 . The circuit has been realized using the 0.35 m digital complementary metal-oxide-semiconductor ͑CMOS͒ process offered by AMI Semiconductors. The total chip area is 1 mm 2 . We have integrated two VCOs instead of one to facilitate the first downconversion of the oscillator frequency, which can be performed by a simple mixer instead of a more complicated microwave frequency divider. The VCOs have been implemented as differential negative resistance oscillators. 29 The inductors of the two LC-tank circuits are identical. The VCO frequencies are set to two different values using the two pairs of nonidentical n-type MOS varactors. Since the two varactors are different, even when the same control voltage is applied to both varactors ͑i.e., SA = SB͒, the capacitance values are different. The approximately rectangular VCO coils are placed orthogonally one with respect to the other. The magnetic coupling between the two coils is ideally zero and, consequently, the risk of injection locking between the two VCOs is significantly reduced. Each coil has a di-
III. DESCRIPTION OF THE INTEGRATED MICROSYSTEM
mension of about 300ϫ 100 m 2 , with a metal ͑aluminum͒ thickness of 2 m and width of 20 m. The mixer, based on the standard Gilbert topology, 29 is used to obtain a signal at frequency mix = A − B , i.e., at the difference of the two VCO frequencies. A low pass filter amplifier is designed at the mixer output for the suppression of the sum frequency component. The frequency division is implemented in two stages: a high frequency divide-by-4 block, and a low frequency divide-by-32 block. The high frequency divider is based on the topology presented in Ref. 30 . The low frequency divider is realized connecting five identical divideby-2 circuits, implemented using single-ended true-singlephase-clocked flip flops. 31 Consequently, the frequency at the output of the integrated circuit is out = ͑ A − B ͒ / 128. When the external static magnetic field B 0 sets the Larmor frequency close to the center frequency of one of the VCOs, the center frequency of the concerned VCO changes according to Eq. ͑4͒. Since the two VCO have different frequencies, the resonance conditions are fulfilled twice as B 0 is swept. Therefore, the frequency out also changes twice. Figure 3͑a͒ shows a schematic of the apparatus used to investigate the performance of the realized ESR microsystem. The employed homebuilt and commercial components are mentioned in the figure caption. The integrated microsystem is introduced in the electromagnet, equipped also with field modulation coils. The chip can operate at supply voltages from 2.0 to 3.6 V, with best signal-to-noise ratio at 2.2 V. From linewidth broadening experiments, we estimate that B 1 Х 0.4 mT at the center of the coils at a supply voltage of 2.2 V. The temperature of the chip, measured by an infrared thermometer, is about 305 K at 2.2 V ͑the supply current is 74 mA and, hence, the power consumption of the chip is 160 mW͒. The ambient temperature is 298 K. With the varactors control voltages and supply voltage all set to 2.2 V, the frequencies of the two integrated VCOs are A Х 2 ϫ 8.4 GHz and B Х 2 ϫ 9.4 GHz, respectively. At the output of the chip, we have a signal at frequency out = ͑ A − B ͒ / 128Х 2 ϫ 7.4 MHz, with peak-to-peak amplitude of about 2 V.
IV. INTEGRATED MICROSYSTEM PERFORMANCE
Due to the limited current capabilities of the integrated circuit, the signal at the output of the chip is introduced in an inverter buffer. The output of the buffer is mixed with a local oscillator signal at 7.6 MHz. The signal at the output of the mixer ͑at 200 kHz͒ is introduced in a phase-locked-loop ͑PLL͒ circuitry for frequency-to-voltage conversion. The signal at the output of the PLL is demodulated by a lock-in amplifier. The lock-in internal reference signal is amplified and delivered to the field modulation coil.
The spin sensitivity of the realized microsystem is evaluated by measuring the signal-to-noise ratio obtained with a sample of 1,1-diphenyl-2-picryl-hydrazyl ͑DPPH͒ ͑Sigma D9132͒ with a volume of about ͑14 m͒ 3 . The sample is placed approximately in the center of the square shaped common area of the two rectangular coils. The obtained spectrum is shown in Fig. 4͑a͒ ͑the experimental conditions are specified in the figure caption͒.
Due to the field modulation, the shape of the signals is approximately equal to the derivative of a dispersionlike curve. 4 The two signals obtained by sweeping the static magnetic field have opposite sign, as expected because we are measuring the difference of the frequency of the two VCO ͑and not directly the frequency variation of each VCO͒. The measured signal-to-noise ratio ͓as defined by Eq. ͑8͔͒ is about 120 ͑the frequency variation is about 17 kHz and the root mean square of the noise is about 47 Hz͒. Since in our experimental conditions N Х 2 ϫ 10 27 spins/ m 3 and ⌬f = 2.5 Hz, the experimental spin sensitivities ͓as defined by Eq. ͑11͔͒ is about N min Х 3 ϫ 10 10 spins/ Hz 1/2 ͑i.e., about 1.5ϫ 10 10 spins/ GHz 1/2 , since the natural linewidth of DPPH is about 2 G͒.
As shown in Fig. 4͑a͒ , the experimental amplitude of the two signals corresponding to the two VCOs is not the same ͑i.e., 17 and 14 kHz, respectively͒. Figure 4͑b͒ shows the signals computed numerically from Eq. ͑4͒ using the parameters specified in the caption. Contrary to the measured amplitude, the computed signal amplitude corresponding to the higher oscillator frequency is larger ͓as expected from Eqs. ͑1͒ and ͑5͒ due to the larger susceptibility Ј and operating frequency LC ͔. Additionally, the shape of the measured signals are not perfectly matched to those in Fig. 4͑b͒ . Nevertheless, the quantitative agreement between measured and computed signal amplitudes and shapes is sufficiently good to consider Eq. ͑4͒ as a valid approximation of the behavior of the microsystem.
From Eq. ͑5͒, the maximum peak-to-peak variation, for ␥ 2 B 1 2 T 1 T 2 Ӷ 1 and Х 3 ϫ 10 −4 , is about 2⌬ LC Х 2 ϫ 130 kHz. In our experimental conditions, we have measured a signal which is almost a factor 10 smaller ͑i.e., 2   FIG. 2 . Schematics of the integrated electronics. In the measurements presented in this paper we set Vdd= VddA= VddB= SA = SB = ENB= 2.2 V. The transistors dimensions are indicated in micrometers. ͑a͒ VCOs. ͑b͒ Mixer. ͑c͒ Low pass filter amplifier ͑HF buffer͒. ͑d͒ Frequency divider ͑divide-by-4͒. ͑e͒ Frequency divider ͑divide-by-2͒.
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T. Yalcin and G. Boero Rev. Sci. Instrum. 79, 094105 ͑2008͒ ϫ 17 kHz͒. This results, quite accurately predicted by Eq. ͑4͒ and shown in Fig. 4͑b͒ , is due to ͑a͒ the large B 1 field ͑B 1 Х 0.4 mT͒ produced by the integrated oscillators which broadens the line and decreases the frequency variation, ͑b͒ the nonoptimal modulation amplitude B m Х 0.2 mT ͑in our condition of broadened line the optimal value for the modulation amplitude for optimal signal-to-noise ratio would be about 0.4 mT͒.
In our experiments, as in common continuous wave ESR experiments, we have added a magnetic field at kilohertz frequencies to the static magnetic field in order to improve the signal-to-noise ratio. The effective noise measured at the modulation frequency ͑i.e., at about 20 kHz͒ corresponds to about 30 Hz/ Hz 1/2 at the LC-oscillator output, which is about one order of magnitude larger than the noise of an ideal LC oscillator computed from Eq. ͑6͒ assuming R =2 ⍀ and V 0 =2 V ͑the contribution to the measured noise from the external mixer, PLL circuitry, and lock-in amplifier is negligible͒. We have observed that the noise achieves a minimum value at the limit of the bandwidth of our external PLL circuitry ͑i.e., about 20 kHz͒. Measurements of the phase noise spectral density indicate that we could reduce the noise by a factor of 3 ͑i.e., down to 10 Hz/ Hz 1/2 ͒ modulating at a frequency of 100 kHz instead of 20 kHz. Unfortunately, our present setup does not allows us to increase the modulation frequency above 20 kHz. Figure 4͑c͒ shows the ESR spectra obtained from of a single crystal of tetramethylammonium bis͑maleonitriledithi-olato͒copper͑II͒ ͑Cu͑mnt͒ 2 ͒ in Ni͑mnt͒ 2 with a copper concentration of about 1%. This measurement is reported to demonstrate that the spin sensitivity of the realized microsystems allows one to perform experiments on samples with low spin concentration and multiline spectrum.
V. DISCUSSION
As pointed out in Sec. II, the induced voltage and oscillator frequency variation methods have very similar theoretical spin sensitivities. In order to determine which of the two methods can practically achieve a better spin sensitivity, we have to evaluate in which case the assumption that the overall noise level is determined by the thermal noise of the coil resistance is more realistic. At frequencies below 1 GHz, it is a reasonable assumption for well designed "induced voltage" systems but not necessarily for "frequency variation" systems, where the positive feedback electronics might introduce significant additional noise. On the other hand, at 10 GHz and above, the design of low-noise preamplifiers and analog mixers might be problematic, especially using low-cost CMOS technologies.
Our future work will be focused on the improvement of the spin sensitivity of integrated ESR microsystems by a systematic investigation of the noise sources, and eventually, by an increase in the operating frequency and by a reduction in the sensitive volume ͓e.g., down to ͑10 m͒ 3 ͔. Submicrometer silicon based technologies will be compared in terms of cost, achievable spin sensitivity, maximum operating frequency, and possibilities to integrate dense arrays and additional electronics ͑such as PLL circuits͒. Integrated LC oscillators operating up to 100 GHz, implemented using conventional CMOS and SiGe:BiCMOS technologies have been already reported, 32 suggesting a possible solution to improve the spin sensitivity by two orders of magnitude with respect to our present microsystem operating at 9 GHz.
